The rapid opening, since lOMa, of the Tyrrhenian Sea in a context of convergence between Eurasia and Africa remains a puzzling geodynamic problem. One of the most plausible scenarios, proposed by Malinverno & Ryan ( 1986) attributes extension to southward and eastward migration of the trench, resulting from subduction of the African-Adriatic lithosphere below the European lithosphere. At present, subduction only continues along the Calabrian arc. A compilation of recent strain and stress indicators by Rebay, Philip & Taboada (1992) indicates that an extensional regime still prevails in the Tyrrhenian Sea, whereas compression dominates north and south of this area. In an earlier paper, Bassi & Sabadini (1994) used a numerical model to demonstrate the necessity of a 'trench suction force', acting along the subduction trench, to produce the present extension in the Tyrrhenian domain. This study, however, did not discuss in detail the tectonic regime in the different areas composing the domain, nor the match between the observations and the model. In this paper, we first review the constraints provided by the observations compiled by Reba1 et al. (1992) and by more recent measurements. We then investigate how much of the observed tectonic regime can be understood in terms of plate-interaction forces, using 'thin-plate' models (Bird 1989). The geometry and heterogeneous lithospheric properties of the models are constrained by observations. The best-constrained boundary conditions are held constant; the remaining are regarded as parameters that we tune in order to fit the observations.
. Geographical setting (inset) and present-day geodynamic map of the Tyrrhenian area. Sa: Sardinia; C: Corsica; Ca: Calabria. 1: Oceanic or thinned continental crust of Mesozoic age; 2: oceanic crust of Cenozoic age; 3: thinned continental crust; 4 continental crust; 5: thrust and reverse fault; 6: subduction trench; 7: oceanic ridge graben; 8: strike-slip fault; 9: fold 10: Quaternary calcalkaline volcanoes; 11: Quaternary alkaline volcanoes; 12: Quaternary volcanic alignments; 13: block movements with respect to the Eurasian platform; 1 4 relative motion of Africa and Arabia with respect to Eurasia. N-S-trending Alpine orogenic belt west of the CorsicaSardinia block and evolved differently in the north and in the south: while the northern basin has experienced only moderate extension, intense crustal and lithospheric thinning occurred in the southern part, where crust with close-to-oceanic characteristics has been observed ( Fig. 1) . Leg 107 of the Ocean Drilling Program (ODP) showed that the extension and subsidence of the Tyrrhenian Basin began on its western side and migrated southeastwards with time (Wang, Hwang & Shi 1989; Kastens et al. 1988; Spadini, Cloetingh & Bertotti 1995) , involving eventually the western units of the Apenninic chain (Serri, Innocenti & Manetti 1993; Patacca et al. 1990 ). An important observation is that, since late Tortonian times, compression in the Apennines has coexisted with extension in the Tyrrhenian Sea (Malinverno & Ryan 1986) .
Despite the accumulation of data, the tectonic processes responsible for the formation of the Tyrrhenian/Apenninic system remain poorly elucidated. The most plausible scenario for the opening of the Tyrrhenian Sea has been proposed by Malinverno & Ryan (1986) and explains the formation of the Tyrrhenian Sea and Apenninic belt by a mechanism of trench retreat or roll-back (Elsasser 1971; Dewey 1980) : when a subduction zone retreats (towards the subducting plate) due to sinking of the underthrusting plate into the mantle, a backarc basin will be formed if the overriding plate does not move towards the subducting plate to compensate for the retreat of the trench. According to Malinverno & Ryan (1986) , at about 17 Ma a slab of European continental lithosphere composed of the Corsica-Sardinia block, the future Tyrrhenian domain and the existing Alpine chain started rifting because of the southward and eastward migration of the trench resulting from the subduction of the African-Adriatic lithosphere. During this process, the overriding lithosphere stripped the downgoing lithosphere of its sedimentary cover and of part of its igneous crust, forming a stack of crustal wedges that evolved into the Apenninic orogenic belt. This mechanism can thus explain the coincidence of extension in the Tyrrhenian area and compression along the trench leading to the formation of the Apennines. At the present time, continental collision is taking place in southernmost Sicily (Iblean region) (Fig. 3 ) and in northern Africa. Continental collision is also occurring along the northern and central Apennines, although observations in this area indicate that subduction and/or delamination is possibly ongoing (see the discussion of boundary conditions in the model section). Subduction of oceanic lithosphere per se only seems to continue at the present time below the Calabrian arc (Figs 1 and 3 ) and in the southern Tyrrhenian region, although this observation also is controversial. The occurrence of seismicity down to 450 km outlines a Benioff zone. However, Wortel & Spakman (1992) , on the basis of tomographic results and the reduced seismicity at intermediate levels, suggested that the slab may be totally or partially detached. Alternatively, Anderson & Jackson (1987a) maintained that there are no significant gaps in the seismicity, but interpreted the lack of intense shallow activity and large thrust events at the surface projection of the Benioff zone as an indication that subduction has ceased. It may be argued, however, that if active convergence has stopped, this does not preclude that passive sinking of the subducting lithosphere, driven solely by gravitation, and the associated back-arc extension might still continue. Whatever the current situation is, about 600 km of lithosphere has been subducted in at most 15 Myr, yielding a minimum convergence rate of 4 cm yr-'.
In a recent paper, Faccenna et al. (1996) investigated the effectiveness of the roll-back mechanism by using an analogue technique where deformation was reproduced in the laboratory with sand and silicone putties, which simulated lithospheric materials. They also examined the possible contribution of gravity forces arising from the release of potential energy stored in the thickened Alpine lithosphere. Their results showed that extension similar to that observed in the Tyrrhenian area can develop perpendicular to the shortening direction imposed by Africa, provided the velocity of trench retreat is significantly faster than the compression velocity. Bassi & Sabadini (1994) reached a similar conclusion with a numerical approach by showing that a 'trench-suction force' applied along the Calabrian arc is necessary to obtain significant extension in the Tyrrhenian domain at the present time. The objective of Bassi & Sabadini (1994) was not to study the opening itself but to try to reproduce the modern stress and strain pattern in the Tyrrhenian area in order to evaluate the relative importance of the forces currently at play. This study was motivated by a compilation of the available information concerning the modern tectonic regime by Reba1 et al. (1992) (Fig. 2 ) , from which it appeared that an extensional regime still prevails in a large part of the Tyrrhenian sea (Fig. 3 ). An interesting question is whether such extension is still driven by a mechanism of trench retreat.
Bassi & Sabadini's (1994) model focused on the importance of subduction as a driving mechanism for extension in the Tyrrhenian area. It did not discuss specifically the observed tectonic regime-style and direction of deformation-in the Figure 3. Summary of observations and schematic map of the tectonic zones in the Tyrrhenian area. 1: zone displaying reverse and strike-slip faulting; 2 zone displaying normal and strike-slip faulting; 3: tectonic regime close to radial extension; 4 non-defined regime; 5: thrust front; 6 maximum horizontal compression direction (compressional tectonic context); 7: strike-slip tectonic context; 8: least horizontal stress direction (extensional tectonic context); 9: radial extension.
different areas comprising the domain, nor how well these observations were matched by the model. A first-order comparison of model results and observations shows that extension is predicted in a more restricted area than is actually observed. The cause of this discrepancy lies both in the simplicity of the model itself and in the interpretation and interpolation of data, which show large variations of tectonic stresses, especially in the southeastern Tyrrhenian Sea (Fig. 2 ) . In this paper we discuss in more detail the constraints provided by the observations compiled by Rebai' et al. (1992) and by more recent measurements. In a context like this one, where the interpretation of data is controversial, numerical modelling of lithospheric deformation provides additional understanding by indicating what type of boundary conditions can reproduce specific observations, in this case the stress/strain regime. We discuss, therefore, a series of models using the thin sheet approach developed by Bird (1989) and used by Bassi & Sabadini ( 1994) . The geometry and heterogeneous lithospheric properties are chosen according to observations. The bestconstrained boundary conditions are fixed; the remaining ones are regarded as parameters that we try to tune in order to obtain a reasonable fit with observations. It is important to emphasize that the focus of this study is the regional tectonic regime in the Tyrrhenian Sea and adjoining areas. As a result, local situations and processes occurring on the boundaries of this domain may be either overlooked or oversimplified. This is the case, for example, of the Apennines, which would require a model of their own. Finally, we discuss the implications of these boundary conditions for the mechanisms currently active in and around the Tyrrhenian area.
MODERN TECTONIC REGIME
The current tectonic regime in the Tyrrhenian area is characterized by a great variability. The causes of this variability probably lie both in the diversity of tectonic forces acting at its boundaries and in the heterogeneous structure of the domain itself. Information concerning the current stress/strain field is concentrated along the edges of the domain, and little is known about the deformation pattern within the Tyrrhenian Sea itself. Four categories of geophysical and geological data are used at present as reliable indicators of horizontal stress orientations (Zoback et al. 1989) : earthquake focal mechanisms, borehole breakout analysis, in situ stress measurements an$ young geological deformational features, including faultslip data and volcanic alignments. It is worth pointing out that, except for direct in-situ stress measurements, all these methods deduce stress directions from observed directions of strain through a series of assumptions (see Zoback et al. 1989 and Rebai' et al. 1992 for reviews). Another interesting point is that these various stress indicators sample different depths in the crust, ranging from the near-surface for geological and in-situ measurements to 3-4 km for borehole breakout data and 5-15 km for earthquake focal mechanisms (Zoback et al. 1989) .
Since the Tyrrhenian region is still actively deforming, it is also important to obtain estimates of current deformation rates. These are provided by seismotectonic studies (earthquake locations, recurrence, fault-plane solutions), geological determinations of fault slip rates and geodetic (GPS, VLBI) measurements of contemporary movement patterns.
Let us review the results of these various surveys for the Tyrrhenian domain (see Figs 1 and 3 for geographic locations).
Northern Africa-Sicily
The Sicilian-Maghrebid chain, extending in an E-W direction from northern Africa to Sicily, marks the southern limit of the Tyrrhenian domain (Boccaletti, Nicolich & Tortorici 1990 ). This orogenic belt is the result of the collision between Africa and Eurasia, which have been converging along a N-S to NNW-SSE direction since Late Cretaceous times (Pitman & Talwani 1972; Le Pichon, Sibuet & Francheteau 1977) . The tectonic regime along this boundary in Tunisia and in a large part of Sicily reflects this convergence and shows a dominantly NW-SE compressive trend (Rebay et al. 1992; Muller et al. 1992) . The situation is less clear in the northeastern part of Sicily, where stress orientations and the style of deformation vary considerably (Muller et al. 1992) .
The present-day rate and direction of convergence between Africa and Europe have been estimated using various methods. Global models of plate motions (DeMets et al. 1990) predict an Africa-Europe motion of 8.2mmyr-' in a 17"NW direction. A recent geodetic evaluation using VLBI data (Ward 1994) gives a relative velocity of 7.6 f 2.7 mm yrf' and a direction of motion of 37" k 18 NW at the Noto station, in southeastern Sicily, with respect to a fixed Europe. Hence, these methods yield quite similar estimates of deformation, but show some discrepancy in terms of directions.
The Corsica and Sardinia blocks
During late Oligocene/early Miocene times, these continental blocks moved away from the European plate and this movement opened the Balearic and Liguro-Provencal oceanic basins (Auzende et al. 1973; Montigny, Edel & Thuizat 1981) . Since that time, Corsica and Sardinia do not appear to have moved laterally relative to stable Europe (Beccaluva et al. 1989 ) and show very little tectonic activity. Rebay et al. (1992) report a few microtectonic measurements from young volcanic alignments, which indicate roughly E-W extension. Recently, a first seismotectonic study of Corsica (Ferrandini et at. 1994) pointed to an extensional regime on the island, with a NNW-SSE direction. This determination, however, is based on a limited number of mostly shallow microseismic events (magnitude lower than 4.3) recorded on the eastern side of the island. The western margin appears to be inactive.
It is interesting to note that, in contrast to this, there is significant seismic activity in the Ligurian Sea, which is reactivated in compression (Bethoux et a/. 1992) . The direction of compression shows a relatively large scatter about an average N-S trend (Philip 1987) .
Alps and Northern Italy
The northern boundary of the Tyrrhenian domain coincides with the Alpine orogenic belt and is subject mostly to a compressional stress regime (Reba: et al. 1992) . In the northern and western Alps, the maximum horizontal compressive stress orientations are normal to the Alpine front (Pavoni 1980 Muller et al. 1992 Reba: et al. 1992) , which implies a roughly radial distribution of stress directions in the western end of the Alpine belt. This stress pattern, however, is restricted to the belt itself, and is possibly locally influenced by the lithospheric root and topography of the Alps (Muller et al. 1992) . Further to the east, along the southern Alps in the Friuli region, compression occurs in a NNE-SSW direction (Pondrelli, Morelli & Boschi 1995) . Northeastern Italy is under N-S compression (Muller et al. 1992) .
Southern Italian Peninsula-Apennines
In terms of tectonic regime, a distinction has to be made between the axis and western parts of the Apennine chain, which are undergoing extension (Muller et al. 1992; Valensise et al. 1993; Ward 1994; Pondrelli et al. 1995) , and the Adriatic foredeep, where compression dominates (Philip 1987; Selvaggi & Amato 1992) . Several lines of evidence suggest that extension of the former Apennine thrust belt began at about 0.7 Ma (Westaway 1993) . The numerous normal-faulting earthquakes in Central Italy show a consistent NE-SW extension perpendicular to the trend of the high topography in the Apennines (Westaway, Gawthorpe & Tozzi 1989; Valensise et al. 1993) . Other earthquakes along the Apenninic chain are mainly of strike-slip type and occur along pre-existing transverse faults (Valensise et al. 1993; Patacca & Scandone 1989) . Geodetic measurements confirm the NE-SW extensional trend (Ward 1994) and provide estimates of deformation rates: Medicina, in Northern Italy, has a VLBI velocity of 2.2 1.8 mm yr-' in a 19"E direction, while a velocity of 11.4 k 4.5 mm yr-' in a 17"NE direction is reported for Matera, in the south. Both of these sites, however, are located east of the Apennines, on the hypothesized Adria block or microplate, and the relationship between these velocities and the extension rates in the Apennines depends on the processes taking place at the contact between the Adriatic and Tyrrhenian blocks. The average rate of seismic deformation along the Apenninic chain is 5 mm yr-l, 40"NE (Westaway 1992; Pondrelli et al. 1995) . This value provides a lower estimate for the total extension rate along the chain, which remains poorly constrained and not well understood. The correlation between the normal-faulting regime and topography suggests a local source of stress, maybe gravitational. However, such a correlation is not observed for other mountain belts, like the Pyrenees or the northern and eastern Alps (Muller et al. 1992) , which suggests that it may be instead related to other sources such as plate-boundary forces. It is interesting to note that a narrow zone that coincides with the axis of the southern Apennines is undergoing a phase of rapid uplift. The largest earthquakes take place along the axis of this uplifting area (Valensise et al. 1993) .
Calabrian Arc
The southeastern margin of the Tyrrhenian domain, including the Calabrian arc, the Southern Apennines and eastern Sicily, is characterized by intense Quaternary faulting and active seismicity (Tortorici et al. 1995) . This activity is partly related to the presence of the subducting Ionian plate below the arc, which is responsible for the occurrence of intermediate-and deep-focus earthquakes, and possibly to the ongoing opening of the southern Tyrrhenian Sea.
Evidence of upper Miocene and Pliocene sedimentation in extensional basins above the Benioff zone in and around Calabria indicates that local extension began much earlier than in the North. Calabria itself is being rapidly uplifted with relatively uniform rates of about 1 mm yr-'-among the fastest in the world (Westaway 1993) . The causes of this uplift are still unclear. The results of Giunchi et al. (1996) suggest that it is a dynamic effect, localized at the edge of the overriding plate.
The stress regime is complex, diffuse in orientation and depth as well as in the style of deformation (Muller et al. 1992) . According to Rebai et al. (1992) , the regime is close to radial extension, while Valensise et al. (1993) argue, on the basis of geological and seismological data, for extension perpendicular to the arc. According to Tortorici et al. (1995) , the analysis of slickensides on major faults indicates that the Calabrian region is undergoing uniform ESE-WNW extension. These different interpretations reflect both the uncertainties in evaluating stress from geophysical and geological observations, and the complexity of tectonic processes in the area. Clearly, the relation between Tyrrhenian Sea formation and subduction and the extension now occurring along most of the Italian peninsula has not yet been resolved.
MODEL

Thin-sheet approach
Both the triangular geometry of the area and the distribution of tectonic forces around it make the Tyrrhenian problem three-dimensional. In addition, we do not want to model individual earthquake cycles, but only to predict average tectonic stresses and strain rates (over a time span of lo3 to lo6 yr), which can be compared to the geological observations and estimates of seismic-moment rates described above. We can, therefore, neglect the small component of elastic strains and retain only the anelastic terms that contribute to permanent deformation (Bird & Piper 1980) . Following Goetze & Evans (1979) and Brace & Kohlstedt (1980) , the relevant deformation mechanisms to consider are frictional sliding on faults in the colder upper lithosphere, and temperature-dependant processes such as dislocation creep at greater depths and temperatures. Both these mechanisms correspond to non-linear flow laws. Such a complex rheology makes the 3-D problem difficult to handle and it becomes necessary to introduce some simplifications. The first consists of considering the lithosphere as a continuum, including the upper brittle layer. This approximation is the basis of most models of continental deformation (see Bassi 1995 and references therein) , and relies on the observation that faulting in the upper crust is often pervasive, with a spacing that is much smaller than the size of the domain under investigation. If, in addition, one assumes that faults have all orientations, the strength of the brittle crust can be simply estimated by a friction law of the type where ,u is the coefficient of friction, os the shear stress on a plane, on the normal stress on the same plane and P, the pore fluid pressure. This law is equivalent to a non-associated plastic behaviour (Goetze & Evans 1979; Fletcher & Hallet 1983) . A second assumption is that this continuum medium is isotropic. This may not be true in the brittle regime when old faults are present, but such models allow us to see how much of the observed faulting is due to present stresses alone, without introducing any preferred orientations (Bird & Piper 1980) .
In addition to these basic and standard approximations, a set of assumptions known as the 'thin-plate model' have proved to be very useful for modelling continental deformation, and have been applied to a large number of tectonic areas (e.g. Bird & Piper 1980; England & McKenzie 1982 Vilotte et al. 1984; Bird 1988; Sonder & England 1989) . Each of these models represents variations on the following common assumptions.
(1) The lithosphere can be described as a 'thin-plate', which means that the deforming area has horizontal dimensions much larger than the lithosphere thickness (Sonder & England 1989) . Because it is underlain by a much weaker asthenosphere, it is valid to consider this plate free of traction on its top and bottom sides. As a consequence, provided gradients of crustal thickness are small, vertical gradients of horizontal velocity can be neglected in the first approximation (England & McKenzie 1982; Bird 1989) .
(2) The vertical normal stress 033 is lithostatic, or equal to the weight of the overburden:
where z (or x3) is the vertical axis, positive downwards, z, is at the land or sea surface, g is the acceleration due to gravity and p is the density. The assumption of lithostatic stress is equivalent to assuming that there is no lateral exchange of vertical forces and that each vertical column is locally supported (Bird 1989) . Hence, the elevation of each part of the lithosphere can be computed by requiring isostatic balance. The fundamental advantage of this assumption is that only the horizontal components of the equilibrium equations need to be solved, which reduces the number of calculations drastically. Since vertical gradients of horizontal velocity are assumed to be negligible, the balance of forces only needs to be imposed on all vertical columns, rather than on every point. In practice, this means that the equilibrium equations can be integrated vertically. The rheology at each point of the horizontal plane is thus the average of rheology over depth.
(3) Finally, the model uses the Boussinesq approximation, which equates mass conservation and volume conservation. Vertical strain rates can readily be obtained from velocity components in the horizontal plane using this equation, which can be written
With this set of assumptions, the problem is reduced to a 2-D, plane-stress, horizontal problem, while retaining the vertical layering of the rheology and providing estimates of vertical strain rates. It is important to notice that in addition to the forces directly imposed by the boundary conditions, forces arising from density contrasts are included in this formulation, although the assumption of local isostatic equilibrium may overestimate the effect of these stresses on the flow (Bird & Piper 1980) .
The results described below were obtained using a version of the thin-plate model developed by Bird (1988 Bird ( , 1989 . The reader is referred to these papers for a general discussion of the thin-plate method and a detailed description of the model. The methods introduced by Bird (1989) consist on the one hand of including the frictional rheology of the upper lithosphere, which is neglected in other models (e.g. England & McKenzie 1982 Sonder & England 1989) , and on the other hand of allowing for horizontal shear strain between the crust and the mantle. Our current understanding of lithosphere rheology is that the lower part of the crust may be much weaker than the upper crust above and the upper mantle below (e.g. Brace & Kohlstedt 1980; Carter & Tsenn 1987) . This means that there may be significant shear strain in the weak lower-crustal layer. To account for this possibility of detachment, Bird (1989) applied the thin-plate model to the crust and mantle independently and developed a method to account for the velocity and/or traction boundary condition at the base of the crust and the top of the mantle lithosphere.
Lithosphere properties
The average rheology, elevation, and vertical stress at every point are determined by the thickness and thermal properties of each layer. Both these quantities vary greatly in the Tyrrhenian domain as a result of its heterogeneous structure and complex history.
Observations
One of the most striking features is the intense thinning of the crust within the Tyrrhenian Sea (Fig. 4a) . In two restricted areas, the Magnaghi-Vavilov Basin and the Marsili Basin, the crust is less than 10 km thick (Duchesnes, Sinha & Louden (Rehault et 1987) . The depth Of the Moho increases to a value of 30 km underneath the continental Sardinia-Corsica block. Towards the Italian peninsula and the Sicilian margin, the position of the Moho is more difficult to identify because of the collisional processes taking place along these margins and the possible crustal superposition that may result. According to the recent map by Nicolich & Dal Piaz (1991) (Fig. 4a) , the Tyrrhenian crust on the western side of the Italian peninsula does not exceed 25 km in thickness (Morelli 1994 ), except maybe in Northern Italy where values up to 30-40 km are found. The inversion of surface-wave dispersion data for the Tyrrhenian area indicates that the shallow Moho is linked to a marked thinning of the entire lithosphere ( Fig. 4b) (Panza 1985) . The thickness of the lithosphere is greater than 70 km beneath Sardinia, the Calabrian arc and southern Italy, but decreases to less than 30 km beneath the central part of the Tyrrhenian Sea. Note also the relatively thin lithosphere below Tuscany, which has attracted much attention (Della Vedova el a/. 1991). This so-called 'Tuscan/Tyrrhenian anomaly' is also confirmed by the heat-flow anomaly (Fig. 5) 
Model
The values of crustal and lithosphere thickness across the model were chosen to approximate the observed values (Fig. 6 ). The standard crustal thickness is 25 km. The crust thickens to 30 km below the Corsica-Sardinia block and in Northern Italy, while it gradually thins to 10 km in the Central Tyrrhenian Sea. The heat-flow distribution follows a similar pattern (Fig. 6 ). The geotherm in every point of the domain is derived from the heat-flow value at this point, assuming steadystate conditions, constant conductivity in each layer and a constant heat production rate (see Table 1 for parameter values). With these assumptions, it is easy to show that where, for each layer, is the top temperature, Q, the surface heat flow, zt the top z-coordinate, K the conductivity and H the heat production rate. The mantle thickness at each point is derived from the values of crustal thickness and heat flow by assuming that the lithosphere-asthenosphere boundary coincides with the 1330 "C isotherm. These calculated values yield total lithospheric thicknesses ranging from 27 km below the deepest part of the Tyrrhenian Sea to 90 km below the Corsica-Sardinia block. These values are in reasonable agreement with the observed ones.
Geometry and boundary conditions
The modelled region follows schematically the boundaries of the Tyrrhenian domain (Fig. 7) . Since this area cannot be defined as a plate or microplate, in the common acceptance of these terms, there is a large degree of uncertainty on some of the following boundary conditions, which will therefore be considered as parameters in the discussion of results. The western edge of the domain trends N-S and lies parallel to the Corsica-Sardinia alignment. These islands appear to have been a natural boundary to the Tyrrhenian deforming zone because of the absence of significant lateral movement with respect to stable Europe of this continental block since Oligocene-Miocene times (Beccaluva et a/. 1989) . Therefore, W m-' K-' kg m-3 t Creep law: us = 2 4 2 fi)(l-n)in exp ( y) is, where us is the shear stress, is is the shear strain-rate, P is the pressure and lT the second invariant of the strain-rate tensor.
* R: ideal gas constant. unless otherwise specified, we imposed a free-slip condition along this edge. The presence, on the western side of the islands, of the Western Mediterranean oceanic basin further supports this assumption, since it has long been recognized that oceanic lithosphere is less deformable than continental lithosphere (Vink, Morgan & Zhao 1984).
One of the most reliable observations regarding the Tyrrhenian area is that it is being squeezed between the African and North European platforms. The northern boundary of our model, along the Alps, can therefore be assumed to be fixed, while the southern boundary, which corresponds approximately to the westward continuation of the Calabrian arc, moves northwards at a constant velocity. As mentioned above, estimates of convergence rates between Africa and Europe in this part of the Mediterranean are consistently around 7-8mmyr-' (DeMets et al. 1990; Ward 1994) . For the direction of convergence, we preferred the value of 20"NW proposed by DeMets et al. (1990) on the basis of global plate motions to the 37"NW value proposed by Ward (1994) based on the velocity of one geodetic benchmark in Sicily. Note that the pole of rotation of Africa with respect to northern Europe is far enough from the Tyrrhenian domain to consider both convergence rate and direction as constant along the boundary.
The remaining boundary follows the average trend of the Apennines and the Italian peninsula up to the Gulf of Taranto. It continues offshore Calabria in a curved line that represents the Calabrian Arc. The curvature of this arc is less than in reality (although its position is not well constrained by observations) to avoid numerical difficulties. This is related to the constraint, embedded in the modelling code, of having a topologically rectangular grid (Bird, personal communication) . To define the boundary conditions along the Apennines and the Calabrian Arc, we adopted the scenario proposed by Malinverno & Ryan (1986) for the opening of the Tyrrhenian Sea and assumed that passive subduction and trench retreat are still occurring along the Calabrian arc. In such extensional back-arc settings, Forsyth & Uyeda (1975) first hypothesized the existence of a trench suction force acting on the overriding plate to pull the plate towards the subduction trench. Qualitatively, this force arises from the combination of two factors: the sinking of cold and dense oceanic lithosphere, which leads to a retreat of the trench line towards the underthrusting plate, and the resulting extension of the overriding plate and mantle underneath towards the trench to fill the volume left by the sinking slab. Models of stress distribution at subduction margins have helped in the understanding of the nature of this process (Bott, Waghorn & Whittaker 1989; Whittaker, Bott & Waghorn 1992) . In addition, they indicate i that the drag exerted by the mantle on the base of the lithosphere is negligible in comparison with the extensional stresses generated in the lithosphere itself, because the latter is much stronger than the underlying asthenosphere (Giunchi et a/. 1996) . We are thus justified in using a thin-plate approach, i.e. neglecting the drag at the base of the domain, and parametrizing extension by applying a trench suction force along the subducting boundary. Models of subduction margins provide estimates of the value of the trench suction force, which appears to be very sensitive to the depth extent of the slab and to the conditions existing at the contact between the subducting and overriding plates (Bott et al. 1989; Whittaker et al. 1992) . However, the average extensional stress due to this force does not exceed 100 MPa. We will therefore consider the value of the trench suction force as a variable parameter. Note that in the program a normal traction equal to the integral of the local lithostatic pressure is applied to all sides . _ of the grid where a velocity boundary condition is not imposed. This is to prevent such edges from deforming under their own weight. The traction representing the trench suction effect is added to this lithostatic pressure and therefore represents a deviatoric force.
The boundary condition to be applied along the Apennines is a puzzling problem because the processes taking place along this boundary remain poorly elucidated: at first sight, the Apennines are simply a zone of continental collision between the Tyrrhenian and Adriatic domains. The latter has little possibility of movement since this continental block terminates, in the north, against the Alps, and, in the east, against the Dinarides chain. This led Bassi & Sabadini (1994) to assume, as a first approximation, that the Apennines were fixed with respect to stable Europe. However, a number of geophysical observations indicate that the situation may not be so simple: subcrustal earthquakes are observed beneath the Northern Apennines, in Tuscany, up to at least 90km depth in a SW-thickening wedge dipping about 40" from the Adriatic towards the Tyrrhenian Sea (Selvaggi & Amato 1992) . This has been interpreted as a sign that the Adriatic lithosphere is still subducting beneath the Apenninic chain despite its continental nature (Selvaggi & Amato 1992) . This is not the only example where some degree of continental subduction has been inferred for observations (e.g. Mattauer 1986 , for the Himalayas; Gillet et al. 1986, for the European Alpine system). Geochemical and petro!ogical studies of the Northern Apennines arc magmatism also require the incorporation of a large amount of crustal material into the upper mantle (Serri et al. 1993) by some kind of subduction/delamination process. Such a process is also supported by studies of flexure of the Adriatic lithosphere beneath the Apenninic foredeep (Royden & Karner 1984; Royden, Patacca & Scandone 1987) , which show that the basin geometry cannot be accounted for by the surface loads present in the thrust belt. Some additional subsurface force, which could be produced by the negative buoyancy of a subducting slab, has to maintain the deflection (Royden & Karner 1984) . Tomographic studies, in turn, confirm the presence of a high-velocity upper mantle beneath western Italy (Spakman 1990 ), but only below 200 km depth, leading Wortel & Spakman (1992) to propose that the slab is detached. Clearly, there is still a lot of work to be done to combine all these constraints and to understand the geodynamics of the Apennines. For lack of a clear understanding of the processes taking place along this boundary, we will consider the boundary condition to be unknown and examine whether it can be adapted to fit the observed modern tectonic regime.
RESULTS
Model 1: Apennines locked
Bassi & Sabadini (1994) showed the ineffectiveness of a simple extrusion mechanism in generating extension in the Tyrrhenian domain, and the necessity of considering a trench suction force acting along the Calabrian arc. Our first model is basically the same as that discussed by Bassi & Sabadini (1994) , but the model geometry and the lateral extent of the subduction arc follow the observed configuration more closely (Fig. 8, inset) . A trench suction force of 4.4 x 10" N m-I, corresponding to an average stress of 83 MPa, is applied to the arcuate righthand-side boundary of the domain and to the southernmost elements of the upper boundary (Gulf of Taranto), while the remaining portion of this boundary, including the Alps, Northern Italy and the Apennines, is fixed. With these boundary conditions, the crustal velocity decreases progressively from south to north and increases abruptly within the arc, reaching a maximum value of 4.3 cm yr-I (Fig. 8a) . Although there are no present-day measurements of the extension rate in the Calabrian arc available for comparison, this value is probably too high. Malinverno & Ryan (1986) gave an average opening rate of 2 cm yr-' based on the total estimated extension in the Tyrrhenian Sea, and current rates are expected to be lower than they were in the past. In itself, this is not a major problem: 80 MPa is a rather high estimate for trench suction stresses (Whittaker et al. 1992) , and this value could be diminished.
The limitations of the model are best seen when looking at the tectonic regime that it predicts. The latter can be estimated from the relative amplitude, direction and sign of the principal strain rates (Bird & Piper 1980; Bird 1989) . The predicted faulting mode is generally a combination of five basic modes: extension (or compression) can be predicted along both principal strain-rate directions, il and i2, while strike-slip can be superimposed on either normal or reverse faulting. In each case, the dominant faulting mechanism is represented with a constant-length symbol. The symbol size for the second faulting pattern is proportional to its relative intensity compared to the dominant one. The predicted fault distribution for this first model (Fig. 8b) is indeed extensive within the subducting arc, but reverse and/or strike-slip faulting is dominant in most of the Tyrrhenian domain. The associated vertical movements can be easily derived from the vertical strain-rate in each layer, assuming local isostatic equilibrium. For these boundary conditions, a significant fraction of the Tyrrhenian Sea is experiencing uplift rather than subsidence (Fig. 8c) . This is consistent with the predicted tectonic regime, but contrasts with observations. Reducing the trench suction force would only reduce further the zone of predicted extension and subsidence.
Model 2: Apennines rotate
Both seismotectonic (Anderson & Jackson 1987b) and geodetic (Ward 1994 ) data support the hypothesis that the Adria crustal block is rotating counterclockwise with respect to Europe about a pole in the Central Alps. If this is the case, this rotation creates a 'gap' that could be compensated by further (1987b) and Ward (1994) (Fig. 7) . With this assumption, velocities are perpendicular to the upper boundary, i.e. to the Apennines, and trend 40"NE, which is in good agreement wi t h the direction inferred from earthquake slip vectors (Pondrelli et al. 1995) . Velocity norms increase linearly to the south, between 0 and an assumed maximum velocity of 15cm yr-', which was chosen by comparison with the VLBI velocity of Matera (Ward 1994) . As could be expected, a much larEer proportion of the domain shows dominant normal fauiting (Fig. 9) . The results, however, are not really satisfactory in that the remainder of the domain, and in particular Northern Italy, is expected to undergo shear deformation rather than the observed compression. We have run a series of tests, which we cannot show here for reasons of space, where both the rotation velocity and the trench suction force were varied within reasonable limits. These models consistently failed to reproduce simultaneously the compression in northern Italy and the extension in the Tyrrhenian Sea.
Model 3: central and southern Apennines rotate
This model combines the two previous ones in that it assumes that the northern part of the Italian peninsula is locked, while the central and southern parts rotate (maximum velocity: 1.5cmyr-'). As in Model 1, a trench suction force of 4 x lo'* N rn-' is applied along the Calabrian Arc and in the Gulf of Taranto (Fig. 10, inset ). For this combination of boundary conditions, the results (Fig. 10) reproduce a number ofimportant features of the observed tectonic regime: Northern Italy undergoes N-S to SW-NE compression, while compression is SE-NW between Northern Africa and Sardinia. Widespread extension is predicted, including in the Tyrrhenian side of Italy and a large proportion of the Tyrrhenian Sea. The extension direction shows large variations: in the Tyrrhenian Sea, the trend is N-S to NW-SE. Within the southeastern corner of the domain, both directions of extension are predicted. If we look at the directions and intensities of principal deviatoric stresses-measured by reference to a midocean ridge, i.e. a column of mantle at asthenosphere density, with a 2.7 km deep ocean on top and a 5 km crust-it appears that the stress regime in the Calabrian Arc is almost isotropic (Fig. 11 ). This means (1) that the results in terms of faulting direction will be very sensitive to a fine tuning of the model parameters (geometry, imposed velocities and trench traction), and (2) that the effective deformation will depend very much on pre-existing faults, which are not considered in this continuum model. The next-to-isotropic stress distribution is a more reliable prediction of the model than the specific faulting direction. Extension is also predicted along the central Apennines, with faults running parallel to the mountain chain, which is apparently in good agreement with observations. Such extension, however, is associated with lithospheric stretching and produces subsidence (Fig. 1Oc ) rather than the observed uplift. A similar situation is encountered in Calabria, where predicted subsidence rates reach 0.2 mm yr (Fig. 1Oc ). Compared to Model 1, the subsidence predicted in the Tyrrhenian Sea is quite satisfactory. We will discuss this point further in the Discussion section.
A clear change of strain regime is observed around the Corsica-Sardinia block: the deformation mode is compressional south and north of this block (including in the Ligurian Sea, as observed), extensional in the Tyrrhenian Sea east of it, while the block itself undergoes mostly strike-slip deformation. This result does not match the observed tendency to extension. Another area where predictions do not fit the data is Sicily, which is mostly undergoing extension in the model rather than the observed compression. In a continuous model, where stresses generated in one part of the model are transmitted throughout the plate, this result makes sense: it means that the extensional stresses caused by the Apenninic rotation and the trench suction force along the Calabrian arc overcome the compression due to the Africa/Eurasia collision. The abrupt change in tectonic regime between the extensional pattern of Calabria and the compressional regime observed in Sicily can hardly be understood in terms of continuous deformation. Indeed, different indicators point towards a decoupling between the Italian peninsula and Sicily. Structurally, an important transition occurs offshore Calabria, between the oceanic crust of the Ionian Sea and the continental crust of Sicily and the Sicily Channel. This transition coincides with the so-called Malta escarpment, and can be traced north across the northeasternmost tip of Sicily (Fig. 1) . Dextral strike-slip deformation has been documented along this fault system (Philip 1987) . We propose that this discontinuity plays the role of decoupling the extensional activity of Calabria, dominated by subduction processes, from the compressional activity of Sicily, controlled by Africa's compression. Although our model is intrinsically continuous, and the coarseness of the grid prevents the simulation of narrow zones of weakness, we have checked by lowering the viscocity, i.e. increasing the heat flow, in a few elements east of Sicily that this does indeed tend to reduce the predicted extension in Sicily. The strike-slip regime predicted for the Sicily Channel is in good agreement with Apennines. If this is reduced to 7.5 mm yr-' (maximum value) geological observations (Philip 1987; Rebai et al. 1992) . (Fig. 12) , the extensional trend of the northern Tyrrhenian Sea tends to disappear. Also, the compressional component becomes larger in the Corsica-Sardinia block. The strain Parameter analysis pattern in Calabria is not modified, and therefore appears to How sensitive are the results discussed above (Model 3) to the be primarily determined by the value of the applied trench assumed parameter values? Models 1 and 2 have already suction force. Indeed, if we reduce instead the trench suction illustrated the fundamental role of the rotation of the force to half its value (2 x 10I2 N m-') ( Fig. 13) , a NE-SW Besides the choice of boundary conditions, the variation of initial lithospheric properties-crustal and mantle thickness, heat flow-across the domain may also contribute to the predicted tectonic pattern by controlling the average rheology at each point and also by determining the level of gravitational stresses that arise due to differences in the density distribution with depth (Artyushkov 1973; Fleitout & Froidevaux 1982) . The influence of lateral heterogeneity was tested by running a model with uniform lithospheric properties, specifically a 25 km thick crust and 90 mW m-' heat flow. The faulting mode for such a homogeneous lithosphere (Fig. 14) is smoother but not significantly different than for a heterogeneous lithosphere, which indicates that the results are primarily determined by the boundary conditions. A difference to be noted is the purely strike-slip regime predicted in the Corsica-Sardinia block, compared with the mixed strike-slip/compressional regime observed in Model 3. In turn, the importance of gravitational stresses can be examined by running a model similar to Model 3 but with uniform density (Fig. 15) . Again, the only noticeable difference concerns the Corsica-Sardinia block, where the regime is slightly more compressional in the absence of gravitational forces. This means that this continental block does indeed have a tendency to 'spread' under gravitational forces, but the contrast in crustal thickness between the block and the surrounding area is not sufficient to generate significant extensional stresses. This is indeed what is expected for continental crust that is only 30 km thick (Braun & Beaumont 1989) .
DISCUSSION AND CONCLUSIONS
In this paper, we have reviewed the observations pertaining to the modern stress field in the Tyrrhenian area and investigated how much of the observed tectonic regime can be understood in terms of plate interaction forces, using as a framework the opening scenario proposed by Malinverno & Ryan (1986) . Our results indicate that, within the global collisional context of the African and Eurasian blocks, the present extensional regime can be explained as a consequence of trench retreat, associated with the passive sinking of the Ionian oceanic lithosphere underneath the Calabrian Arc, and Apennines rotation. The latter is required to explain extension and subsidence in the Tyrrhenian Sea and could be related to the counterclockwise rotation of the Adriatic microplate and/or continuing subduction below the Apennines. The combination of trench retreat and rotation in a thin-plate model produces, in the southeastern Tyrrhenian Sea and Calabria, a stress pattern close to isotropic extension, in agreement with stress measurements and earthquake focal mechanisms. Other characteristics of the observed stress regime, including extension on the Tyrrhenian side of the Apenninic chain and compression in the northern part of the domain (Northern Italy, Alps, Ligurian Sea) and south of Sardinia, are correctly reproduced.
A discrepancy between model results and observations is found in western Sicily and Corsica-Sardinia. In western Sicily, we predict dominant strike slip instead of the observed compression, This difficulty is most probably due to the fact that our model is continuous, and does not include the major tectonic discontinuity east of Sicily that separates the oceanic Ionian domain and the continental northern African domain. This discontinuity probably plays the role of decoupling the compressional deformation in western Sicily from the extensional regime in the Calabrian arc. The Corsica-Sardinia block does indeed coincide in the models with a change in stress regime, but the weak extensional activity of these islands is not reproduced. This result appears to be sensitive to the lithospheric properties (Fig. 14) and intensity of gravitational stresses (Fig. 15) , which suggests that it could be improved by a finer tuning of the parameters. However, we have investigated a wide range of parameter values and it appears very difficult to produce extension in Sardinia using the mechanisms considered here, including gravitational stresses. Flexural effectswhich are not incorporated in the thin-plate model since it neglects vertical shear stresses-could contribute locally to the observed tectonic regime as suggested by Philip (1987) for the Central part of the Apennines. Finally, some caution should be exercised when interpreting the results of our continuous models and comparing them to field observations, which can be locally strongly influenced by the reactivation of pre-existing planes of weakness (McKenzie 1969; Bethoux et al. 1992; Angelier 1979) The Apennines lie on the boundary of the domain that we investigated. The model proposed here, based on horizontal forces only, does not account for the combination of extension and uplift at the axis of the chain, but produces instead stretching-related extension and subsidence. To understand the tectonic processes occurring in this area, vertical forces associated with continental collision and possibly subduction need to be incorporated, as shown for example by Giunchi et al. (1996) . This is, however, beyond the scope of this paper.
Our results support the intuition of Malinverno & Ryan (1986) , that extension in the Tyrrhenian area is a consequence of outward trench retreat resulting from the gravitational sinking of the Ionian lithosphere. Moreover, they suggest that the rotation of the Apennines is an on-going process, in agreement with seismological and geodetic data. The exact nature of the processes taking place at the boundary between the Tyrrhenian and Adriatic blocks remains to be elucidated.
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